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Several optoelectronic devices based on interfacing low-temperature gas-phase plasma with a 
semiconductor or other solid surface have been designed, fabricated and characterized. For the 
first time, a microplasma-based light-emitting optoelectronic device has been demonstrated on the 
wafer-scale. Known as the plasma bipolar junction transistor (PBJT), this device is an npn 
transistor in which the collector is replaced with a microplasma. Using this device as a platform, 
the nonlinearity of microplasma light emission was investigated experimentally and theoretically. 
A strong nonlinearity in the plasma optical emission, observed when the emitter-base driving 
voltage has a frequency near 8 kHz, is attributed to ion acoustic wave oscillations. Accordingly, a 
new type of device, the plasma mixer/modulator (PMM), was proposed and demonstrated. Because 
the impact of microplasma propagation in a channel is fundamental to the devices central to this 
dissertation, a generalized microchannel structure was also fabricated and characterized. Coupling 
between two microcavity plasmas in a symmetric, microfabricated dielectric barrier structure has 
been observed by injecting charge from one of the plasmas into an intervening microchannel. 
Periodic modulation of the electric field strength in the injector (or electron “donor”) cavity has 
the effect of deforming the acceptor microplasma which exhibits two distinct and stable 
spatiotemporal modes. Finally, a multichannel array was fabricated onto a microscale chip for the 
purpose of exploring the potential of generating amplified spontaneous emission (ASE) from the 
array. With the help of micropatterning and fabrication techniques of polymeric optical waveguide 
materials, an array of stable glow discharges was generated along the waveguides. The two most 
intense features of the emission spectra are the 5p5(2P°3/2)6p 
2[3/2]2 → 5p5(2P°3/2)6s 2[3/2]°2 and 
5p5(2P°3/2)6p 





respectively. Increasing the E/N in the Ar/Xe microplasma yielded a non-statistical ratio of the 
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 CHAPTER 1  
 
INTRODUCTION AND OVERVIEW OF THE DISSERTATION 
 
1.1 Historical Plasma Optoelectronics 
In the early 20th century, gas-phase plasma was utilized widely in electronic and photonic devices. 
Examples include voltage regulators, oscillators, modulators, front panel indicators, and audio 
systems [1-4]. Even after the advent of semiconductor devices with the discovery of the transistor 
at Bell Laboratories in 1947 [2], plasma-based electronic switches and detectors still played an 
important role in the operation of hydrogen thyratrons and microwave sensors [3]. Plasma was the 
mainstream communication media for years. All the modulators were plasma devices, as were 
most voltage regulators. So, prior to the invention of transistors, plasmas played a vital role in 
telecommunications and display technology. 
Prior to 1947, it was well known that the physics of the e--h+ plasma in a semiconductor is quite 
similar to that of the e--ion plasma in the gas phase. Because of the similarities of the two plasmas 
(gas-phase plasma and electron-hole plasma), gas-phase plasmas and vacuum electronics actually 
did inspire solid state electronics and eventually the gas-phase plasma was replaced by the 
electron-hole plasma in semiconductors [3-5]. When researching the kinetic theory of gas-phase 
plasmas, John Bardeen and his colleague Walter Brattain were able to establish groundwork for 
building a semiconductor transistor [6]: the expressions for saturation current and electrical 
conductivity were found to be identical to those for their gas phase counterparts. Then in 1947, the 





[6]. Shockley stated that the electron-hole pair “plays the same role as do the tubes in vacuum and 
gas discharge electronics” [7]. 
Starting from the 1990s, microplasmas became a new frontier for research and development. 
Leveraging the benefits of modern microfabrication technology, plasma optoelectronics was able 
to be fabricated at the chip-scale, and has found applications as light sources (such as plasma TV 
and plasma lamps), various forms of medical apparatus (plasma devices for phototherapy), and 
health-promoting devices (water disinfection). For the past 20 years, scientists have made 
considerable progress in generating microplasmas [8, 9]. When the feature sizes of a microplasma 
fall into the micrometer range, the plasma behavior has been observed to change dramatically in 
terms of the plasma density (ne), the magnitude of the sheath electric field, and plasma-surface 
interaction [10]. However, downsizing the footprint of microplasma devices has been in process 
for only two decades, so that the device feature sizes cannot compare to those of their solid-state 
counterparts. Earlier this year, Intel launched the development of the 3 nm FinFET, which 
demonstrates that microplasma devices are at least three orders of magnitude larger than their 
semiconductor counterparts. This disparity also makes it difficult to integrate such technologies 
into one device. For example, the electron density (ne) required to sustain a plasma in a 1 mm 
cavity is ~ 1012 cm-3 whereas a cylindrical plasma having a diameter of 100 µm requires a minimum 
density of 1014 cm-3. The smallest microplasma devices demonstrated to date are ~3.5 – 5 µm, 
produced in Si channels [11]. 
1.2 Challenges and Opportunities of Microplasma Devices 
If the downsizing and planarization of plasma devices could effectively reduce the plasma volume 





feasible. Microplasmas are the best candidates for IC integration, if operated at or near atmospheric 
pressure, and electron densities as high as 1017 cm−3 (which corresponds to a plasma frequency of 
3 THz) have been achieved [11].  Because microplasmas can be operated at atmosphere pressure, 
the integration of plasma and solid-state devices is now convenient. 
Owing to the physical limits of current technology, scaling limitations have become an issue for 
the IC industry. Foundry suppliers have been facing difficulties in reducing the feature size. This 
is why researchers across both academia and industry have been working together, developing the 
technical bridges such as silicon-on-insulator (SOI) and FinFET, to ensure that Moore’s law 
continues to hold [10]. Meanwhile researchers have been exploring the possibilities of expanding 
the device capabilities by using new materials, configurations, and architectures. Another key limit 
here is the power loading of a single device.  
Over the past decade, plasma has already been widely used for processing purposes, such as 
etching and deposition in the semiconductor industry [9, 10, 11]. However, in recent years, the 
semiconductor manufacturing industry has been exploring the possibility of integrating the gas-
phase plasma into semiconductor chips. In 2010, air gaps were introduced as part of the low-k 
dielectric stack in interconnects for the 25 nm multilevel 64 Gbit NAND flash that was developed 
jointly by Intel and Micron [9]. Although Intel presented their integration of air gaps into on-chip 
interconnects at the International Interconnect Technology Conference (IITC) in 2010, they 
delayed the use of air gaps until the company’s 14 nm node reached production in 2014. There is 
precedent for the integration of air gaps near the gate-stack, and 2D-NAND fabrication processes 






Fig. 1.1 A 10 nm FinFET CMOS device with partial air gaps only above the “fin” which are 
dielectric liners (reproduced from Ref. [10]). 
 
Researchers from IBM and Global Foundries reported on the use of air gaps as part of the dielectric 
insulation around active gates of 10 nm node FinFETs at the 2016 IEEE International Electron 
Devices Meeting (IEDM). Their latest air-gap structures reduce the dielectric capacitance, which 
reduces the frequency response of ICs, so their integration into transistor structures leads to faster 
logic chips. Fig. 1.1 shows that for these 10 nm node FinFETs, the dielectric spacing—including 
the air gap and both sides of the dielectric liner—is about 10 nm. The liner needs to be ~2 nm thick 
so that ~1 nm of ultra-low-k sacrificial dielectric remains on either side of the ~5 nm air gap [10]. 
1.3 Coupling Plasma with Semiconductor 
Since the inception of microcavity plasma science in the mid-1990s, the plasma-wall interface has 
assumed increasing significance because the boundary surface area-to-plasma volume ratio takes 
on values not normally encountered with macroscopic plasmas [1, 3, 4, 6]. Due to the downsizing 





resulting in a large electric field (|?⃗? | > 1-5 V/μm) within the sheath region. Two parallel paths of 
research have developed, the first of which exploits the strength of the electric field in the sheath 
of a microplasma (>1 V/μm) to alter the electronic structure of a wall or electrode surface [2]. For 
the plasma-semiconductor interface, in particular, a synergistic mode of operation has been 
observed in which two plasmas (the e--h+ plasma in a column IV semiconductor, and the e-ion 
plasma of the gas phase) modify each other’s behavior. The pursuit of this phenomenon has yielded 
a series of hybrid semiconductor-plasma, photonic/electronic devices, including photodiodes [3] 
and the plasma bipolar junction transistor (PBJT) [4, 5]. 
1.4 Overview of the Development of the Plasma Bipolar Junction Transistor  
The predecessor of the PBJT is a photodetector, as shown in Fig. 1.2, which was invented in 2004 
and is based on microplasma confined in Si cavities [11]. The photodetector was built based on an 
inverted-pyramid microcavity plasma device. A microcavity with a 50 μm by 50 μm square 
pyramidal cavity was etched into the p-Si wafer by KOH etching. A passivation layer of Si3N4 and 
a layer of polyimide were employed to isolate the microcavity from the top Ni anode. Microplasma 
was generated by applying a voltage between the Ni anode and p-Si wafer. Each microplasma 
within a cavity serves as a unit photodetector. Peak sensitivity of this photodetector was found to 
be ~ 3.5 A/W in the near-infrared (IR) and visible range. Secondary electron emission is modulated 






Fig. 1.2   Data from Ref. [11] show the dependence of the photosensitivity of a Si microplasma 
detector on the optical input power at 780 nm. 
 
Based on this observation, the first device for coupling plasma with a controllable electron emitter 
was demonstrated in 2008 at the University of Illinois, and cross-sectional diagrams of the device 
are shown in Fig. 1.3 [12]. This is essentially a metal/insulator/metal (MIM) electron emitter 
positioned in the vicinity of the plasma sheath. It is based on the injection of electrons from the 
MIM emitter into the plasma sheath that sustains the plasma. The external electron emitter control 
terminal serves as the base of the transistor, even though the controlling voltage (25 V) is one order 






Fig. 1.3 The first device designed to couple plasma with a controllable electron emitter: (a) cross-
sectional diagram and electrical connections for the entire device and (b) detailed cross-section for 
the MOS electron emitter [12]. 
 
The first PBJT was demonstrated in 2010 and consisted of a semiconductor doped pn junction 
introduced into a microplasma device as its cathode [12]. The p-type semiconductor layer plays a 
dual role, acting as the discharge cathode and the base for the transistor. A strong electric field is 









The lateral-diffused PBJT, based on a conventional npn transistor (Fig. 1.4), in which the collector 
is replaced by a microplasma, was designed and fabricated in 2016. The PBJT’s structure can be 
viewed as a glow discharge with a pn junction as the cathode or as a bipolar junction transistor 
with its collector being replaced by a gas discharge. Once the collector plasma is generated, a 
strong electric field provided by the plasma sheath is applied at the interface. This electric field 
bends the semiconductor energy bands, extracts minority carriers (electrons, for a npn-BJT as an 
example) from the surface of the semiconductor base by tunneling, and injects them into the 
collector plasma. By manipulating the pn junction as the discharge cathode, the device provides 
full control of the electron density and light intensity of the plasma. As a light-emitting 
phototransistor, the PBJT provides more options for emitting radiation wavelengths ranging from 
the UV to near-IR, depending on the gas type rather than the solid state material. The same device 
can emit light at different wavelengths simply by introducing another gas or gas/vapor mixture to 
the collector cavity. 
1.5 Perturbation and Coupling of Microcavity Plasmas through Dielectric Channels 
Since the inception of microcavity plasma science in the mid-1990s, the plasma-wall interface has 
assumed increasing significance because the boundary surface-area-to-plasma volume ratio takes 
on values not normally encountered with macroscopic plasmas [13]. Two parallel paths of research 
have developed, the first of which exploits the strength of the electric field in the sheath of a 
microplasma (>1 V/μm) to alter the electronic structure of a wall or electrode surface [14]. For the 
plasma-semiconductor interface, in particular, a synergistic mode of operation has been observed 
in which two plasmas (the e--h+ plasma in a column IV semiconductor, and the e-ion plasma of 





series of hybrid semiconductor-plasma, photonic/electronic devices, including photodiodes [15] 
and the plasma bipolar junction transistor (PBJT) [16, 17]. 
Wall-plasma interactions concern the impact of wall charge on the dynamics and parameters of 
low-temperature plasma [18-21]. The seminal work of Golubovskii et al. [19], for example, 
explored the role of wall charge and its migration on the surface of a dielectric, in particular, in 
determining the operating characteristics of a dielectric barrier discharge (DBD). Furthermore, 
experiments reported in 2011 [22, 23] demonstrated vividly the influence of charge in DBD 
structures on the interaction between bound and free plasmas in the form of microcavity-confined 
plasmas and streamers, respectively.  Other manifestations of the plasma-surface interaction 
include the propagation of surface plasmas over, or within, arrays of microcavities with velocities 
of 3-20 km/s [24-27]. 
In 2012, Cho et al. [28] reported the manipulation of wall and free charge, and the deformation 
and translation of sub-200 μm diameter microplasmas, through the periodic modulation of the 
electric field strength in adjoining cavities of a microfabricated metal/dielectric structure. Trigger 
pulses delivered to one or both “sidearm” cavities serve to ignite a transient microplasma that 
injects charge into the adjoining microchannel and, ultimately, into a central microcavity. The 
periodicity of the driving and trigger voltage waveforms, in addition to the short duration of the 
trigger pulses, enables observation of the dynamics of the microchannel-central cavity plasma 
interaction. Specifically, varying the electric field strength by < ±20% in the sidearm cavities of a 
symmetric DBD structure has resulted in the shift (displacement) of a microplasma by 75–100 μm 
(as much as 30% of the plasma diameter) from its equilibrium position. Two stable modes of 
operation of the microplasma in the central cavity have been observed, and the transition between 





centroid of ~ 1.6 km/s. The premise of these experiments is that the movement of wall charge [18], 
as well as the microplasma itself, can be controlled precisely with a microfabricated thin film 
structure in which the charge transport mechanism in a microchannel can be throttled by the 
channel design. Combined with driving and trigger waveforms comprising a sequence of voltage 
pulses, the dielectric barrier structure affords the opportunity to translate, route, attenuate, and re-
shape microplasmas at electronic speeds. Not only is it possible to explore the transport of charge 
over dielectric surfaces, with temporal and spatial resolutions of ~ 5 ns and < 10 μm, respectively, 
but this control mechanism is also of value to microplasma applications in electromagnetics, 
displays, switches, and signal processing. 
1.6 On-Chip Microplasma Amplified Spontaneous Emission (ASE) Source 
One of the assets of the PBJT is the light emission properties of the collector. Because of the 
potential applications of such optical sources, it is beneficial to examine the production of light 
emissions in channels separately from the pn junction of the PBJT. 
In 2015, ours was the first research group to report an optical waveguide structure combined with 
microchannel plasmas acting as the optical emission source. With the help of micropatterning and 
fabrication techniques of polymeric optical waveguide materials, a monolayer polymer was 
formed into a series of channels for which the narrowest had a width of 10 µm.  
Stable glow discharges were generated along channel waveguides having various cross-sectional 
dimensions and operating at 100-760 Torr of various Ar/Xe (of different filling ratio) gas mixtures. 
Strong optical emission is generated in both the visible and near infrared. For high intensity 
emission and enhanced electron densities from the microplasmas, a series of pulsed DC waveforms 





ratio, it was shown that excitation transfer from Ar to Xe was able to completely suppress Ar 
emission.  Under the same pressure and gas filling ratio, we were able to demonstrate that one of 
the Xe atomic lines dominates over the emission spectrum, and the growth of the Xe 823/828 nm 
emission intensity with the plasma excitation voltages shows that ASE is being generated. 
1.7 Significance of the Results Presented in This Dissertation 
Three different types of devices are presented in this dissertation, where microplasma is integrated 
with a semiconductor or other solid state materials. The first demonstration is a wafer-scale 
microplasma-based transistor. The goal of this work is to analyze the device physics, identify the 
performance characteristics, and investigate the feasibility of several applications. A lateral 
diffused design for all three devices was introduced so as to integrate the plasma with IC circuits. 
These devices have been used as platforms that are readily accessible from an optical perspective. 
Several experimental techniques, accompanied by computational studies, are implemented to 
explore the unique merits of such hybrid plasma-semiconductor devices with a focus on studying 
electronic interactions at the plasma/semiconductor interface and the optical properties of 
microplasmas. 
It is of great significance that a planar PBJT has been successfully designed, fabricated and 
characterized. For example, this design is amenable to mass production. Also, this design allows 
for ready optical probing of the PBJT, and the capacitance is much lower than that of its 
predecessors. This planar version of the PBJT is the first to reveal several of the fundamentals of 
the base-collector interactions. Shortly thereafter, the plasma mixer/modulator (PMM), the first 





The study of the propagation of charge in a microchannel is also the first of its kind, and is unique 
in plasma science because it examines the propagation of plasma induced by charge supplied by a 
separate microcavity. The potential applications of the electrically controlled charge propagation 
are reconfigurable plasma switching and computation.  
Chapters 2 and 3 present the theoretical background for the plasma science and solid state device 
physics that will be required for describing the coupling of plasma with a semiconductor. Chapter 
4 describes the design considerations, fabrication procedures, and the electrical characterization 
setup and results for the lateral diffused, on-chip wafer-scale PBJT. Chapter 5 introduces a 
microcavity-channel hybrid device demonstrating the optical observation of plasma-wall charge 
interaction, from which the plasma propagation pattern and the degree of modulation of the plasma 
density are extracted. Chapter 6 presents the on-chip microplasma amplified spontaneous emission 
(ASE) source that is a product of the interaction of microplasma and IC-compatible waveguides 
on a wafer scale. A series of electrical and optical characterization measurements of the on-chip 
microplasma laser performance is discussed. The conclusions of this dissertation are presented in 
Chapter 7, which also offers recommendations for future experiments. Particularly interesting 





CHAPTER 2  
 




More than 99% of the matter in the universe is in the plasma state, which has the form of a gas or 
vapor in which some of the atoms or molecules are ionized, resulting in free charge. Stellar 
interiors and atmospheres, gaseous nebulae, and much of the interstellar medium are plasma. We 
live in the < 1% of the universe in which plasmas do not occur very often. Nevertheless, there are 
numerous examples on earth of naturally occurring plasmas: lightning generates plasma, the 
Aurora Borealis is caused by the interactions of solar and terrestrial plasmas, and the conducting 
gas inside a fluorescent tube or neon sign is a plasma. In particular, the fluorescent lamp is an 
exemplary plasma that plays a significant role in our daily lives. 
The term “plasma” was coined by Langmuir [13] in 1929. It should be pointed out that plasma is 
entirely different from a collection of charges, since it requires certain conditions to generate a 
plasma, or dissociate gas into ions and electrons. Plasma is a partially ionized gas in which the 
ions and electrons, though equal in number, move subject to drift and diffusion [3]. Although the 
ions and electrons (nion and ne, respectively) in a typical DC discharge are many orders of 
magnitude less dense than those in most metals and doped semiconductors, their mobilities are 
generally much higher, such that plasmas are often excellent conductors [3]. Within a steady-state 
DC discharge, charge transport is governed by diffusion, which is ambipolar, and drift [14], the 





During steady-state operation of a DC-discharge, a positively charged layer known as the sheath 
will develop at the interface between the plasma and any boundary. This is due primarily to the 
large difference in mobility between electrons and ions, initially allowing more electrons to exit 
the plasma, and leading to a positive space charge that serves to confine the remaining electrons 
[14]. It is important to note that, in most cases involving a DC discharge, even with the loss of 
electrons near the sheath region, the bulk plasma is still roughly quasi-neutral (nion ≈ ne). 
As the charged particles within a plasma drift and diffuse, they interact with each other and their 
surroundings through their associated electric fields. The distance over which these interactions 
are significant depends strongly on the electron density and the mean kinetic energy of the 
electrons. The fundamental characteristic that distinguishes a plasma from a random collection of 
charges is its ability to screen out electric potentials that are applied to it, a characteristic known 
as Debye shielding. As the charged particles within a plasma drift and diffuse, they interact with 
each other and their surroundings through their associated electric fields. The distance over which 
these interactions are significant, called the Debye length (λD), depends strongly on the electron 





where 𝜖0 is the permittivity of free space, 𝑇𝑒 is the electron temperature (given in eV), 𝑞 is the 
elementary charge, and 𝑛𝑒 is the electron density. If the dimension L of a system is much larger 
than λ𝐷, then the local perturbations of charge that arise, or external potentials introduced into the 
system, can be screened out within a distance that is short compared with L so that the bulk plasma 






Another important discharge characteristic is the plasma frequency, ω𝑝. It is a measure of how 





where me is the electron mass. Interestingly, there is a direct correlation between the electron 
Debye length and the plasma frequency, with the product of the two being equal to the thermal 
velocity of the electrons 𝑣𝑡ℎ. That is,  λ𝐷ω𝑝 = 𝑣𝑡ℎ [14]. 
During steady-state operation of a DC-discharge, a positively charged layer known as the sheath 
will develop at the interface of the plasma and other interacting material. This is primarily due to 
the large difference in mobility between electrons and ions. The flux continuity at the wall demands 
that the number density of the ions exceeds the electron density near the wall, resulting in a typical 
potential profile that falls sharply near the wall and a strong electric field directed into the boundary. 
The width of the plasma sheath is typically several Debye lengths for a floating wall. Essentially, 
this positively charged sheath will confine a bulk plasma which contains many more electrons than 
in the sheath region [14]. It is important to note that, in most cases involving a discharge gas, even 
with the loss of electrons near the sheath region the bulk plasma is still roughly quasi-neutral (ni ≈ 
ne). 
So far, we have been discussing the plasma under the assumption of steady state operation. 
Therefore, the mechanisms for producing the plasma should now be addressed. Glow discharge is 
a steady-state discharge that is achieved with a plane-to-plane electrode configuration. The 






serve as the plane-to-plane electrode configuration. The continuous current through the DC sheath 
provides power for the discharge.  
Paschen’s law states that a voltage, known as the breakdown voltage (VBR), is always required to 
initiate a DC glow discharge. This voltage is a function of the gas species, pressure, electrode 
spacing and electrode material, and is given by: 
V𝐵𝑅 =
𝐵 ∙ 𝑝𝑑





where A and B are parameters specific to a particular gas, p is the pressure, d is the electrode 
spacing and γSE is the secondary electron emission coefficient, which is a function of both the 
electrode material and gas [14]. Since p and d always appear as a product, there is a pd value, 
unique to each gas, at which VBR has a minimum. The pd value for which VBR is minimized is 
known as the Paschen minimum. For neon, the gas used in our testing system, this value is in the 











OVERVIEW OF THE PHYSICS OF THE PLASMA-
SEMICONDUCTOR HYBRID DEVICE  
 
 
From the discharge point of view, the PBJT is a plasma device in which the pn junction cathode 
possesses a tunable secondary emission coefficient, dependent upon the cathode material bandgap 
energy.  From the transistor point of view, the PBJT is able to control electron transport at the 
interface. By tuning the voltage across the E-B junction, the current gain IC/IB should be modulated. 
One of the major benefits of the PBJT is that of an optoelectronic light-emitting device controlled 
by a transistor-transistor level (TTL < 2V) voltage, as shown in Fig. 3.1. In principle, the PBJT 
should boost the power load a PBJT is able to handle by two to three orders of magnitude. In 
operation, the high voltage across emitter and collector of the transistor required to sustain the 
collector plasma is usually above 300 V, which is two orders of magnitude higher than the TTL 
voltage for conventional transistors, while the current drawn by the collector end remains in the 
mA range.  
The reason that the PBJT can handle extra power is straightforward: during amplification, the 
majority of the power in a conventional transistor is deposited at the collector, resulting in device 
breakdown. However, due to the non-linear nature of plasma, the PBJT collector works in the 
avalanche stage [30, 31], which can easily handle hundreds of volts. As long as the pn junction 






Fig. 3.1 Operating regions of a conventional BJT [33].  
 
Another major disadvantage of semiconductor transistors—thermal heating—can also be easily 
solved by substituting the plasma for the collector. This solution is enabled by the non-equilibrium 
nature of plasma. That is, the gas neutrals and ions are generally close to room temperature (<400 
K), whereas the electron temperature is generally in the 1-5 eV range. 
3.1 PN Junction and Plasma Sheath 
As discussed before, around the bulk plasma is a thin boundary layer known as the sheath. Within 
the sheath, electrical current is carried not by negatively charged electrons, but rather by positively 
charged ions. Much heavier than electrons and therefore harder to accelerate, the ions require a 
large electric field in the sheath if current continuity is to be satisfied. This gives rise to a large 
voltage drop across the sheath (typically several hundred volts), as shown in Fig. 3.2. The intense 





BJT, by injecting electrons from the emitter (through the base) into the sheath (the collector side), 
the acceleration of electrons is significantly increased through the plasma sheath region under the 
strong electric field, which increases the plasma's conductivity and light emission. 
Among the numerous analytical approximations that one can make involving the plasma sheath, 
the matrix sheath approximation is one of the few high-voltage sheath approximations, describing 
the physical phenomena occurring within the sheath under high voltage [14]. It is also directly 
analogous to the depletion approximation in semiconductors (see [15] and [16] for semiconductor 
examples). The matrix sheath approximation makes two assumptions: (1) a constant ion density 
exists in the sheath, and (2) there are no electrons within the sheath [14]. From Poisson’s equation 
∇ ∙ 𝛷 =
𝑞
𝜖
, the field within a uniform space-charge region (meaning the sheath) is linear and the 
potential is parabolic.  
Although the derivations have been omitted here, the results are that the electric field and potential 










where x= 0 is defined as the position of the bulk sheath boundary, and x > 0 is the sheath. Thus, 





where Vcathode is the potential applied between the two electrodes. The Debye length λ𝐷 is given 














Fig. 3.2 Diagram of the region in the vicinity of the plasma interface [32].  
  
On the other hand, a pn junction shows similar properties in terms of contact potential, the 
depletion region and ambipolar diffusion, as shown in Fig. 3.3. A pn junction is formed by bringing 
into contact two semiconductor materials with dopants of different types (usually electron donors 
and acceptors for n-type and p-type material, respectively). Due to the diffusion of free charge 
carriers across the junction, a potential known as the contact potential (V0) develops across the 
junction. V0 is dependent only on thermal energy and the acceptor and donor number densities. It 












where k is Boltzmann’s constant, T is the temperature, q is the elementary charge, Na and Nd are 
the density of acceptors on the p-type side and of donors on the n-type side, respectively, and ni is 
the intrinsic carrier concentration. It is important to note that the contact voltage is independent of 
the dopant profile. Physically, this means that, for any junction, regardless of how the dopants in 
the immediate vicinity of the junction are distributed, the potential will only depend on the dopant 
concentrations. A commonly used method to analyze pn junctions is by way of the depletion region. 
The method assumes that there are no free charge carriers in the depletion region [14]. Since the 
donor and acceptor concentrations are known quantities, the depletion region width, W, can be 











Assuming the total width of the depletion region W is composed of xn0 and xp0 (penetration of the 
space charge into n and p type material), and also starting with Poisson’s equation which relates 









This is almost identical to what has been demonstrated in the plasma sheath. 
When a voltage is applied to the junction, the charge carrier distribution in the vicinity of the 
junction is altered, leading to diffusion and drift currents that are no longer equal. Drift current is 
relatively insensitive to the height of the potential barrier, since it is limited not by how fast the 
carriers are swept down the barrier (V dependent), but rather how often (generation of electron-
hole pairs (EHPs) dependent). In the case of a junction at x = 0, with uniformly doped n-type and 














)(𝑒𝑞𝑉 𝑘𝑇⁄ − 1) 
where Dp and Dn are the diffusion coefficients for holes on the n-type side, and electrons on the p-
type side, respectively, and Lp and Ln are the diffusion lengths for holes on the n-type side, and 
electrons on the p-type side, respectively [14]. By varying Nd and Na, the electron and hole 
contributions to the total current can be varied. In this sense, we are able to achieve a junction 
having a large concentration of electron donors on one side and a small concentration of electron 
acceptors on the other side. In operation, the current flowing through the junction consists almost 
entirely of electrons, and the contribution from holes is negligible due to their small concentration. 
This concept plays an important role in bipolar junction transistors. 
 
Fig. 3.3 Diagrams qualitatively illustrating the close similarity between the physics of an electron-






3.2 PBJT Design Concerns 
A standard BJT, which serves as the foundation of the PBJT, consists of three separate, doped 
regions of semiconductor. By applying a positive voltage between the emitter and base regions 
(Vbe) electrons are injected from the emitter into the base region. Typically, the base region is 
engineered to be shorter than an electron diffusion length, Ln, so that the majority of electrons 
entering the base region from the emitter diffuse into the base-collector depletion region and are 
swept into the collector by the depletion region’s electric field [34]. 
The base-emitter current consists of electrons and holes, but only electrons contribute substantially 
to transistor operation. Through the base-emitter junction, the ratio of electron current to total 
current is increased. This parameter, represented as γ, is defined as the emitter injection efficiency. 
A typical figure of merit for the BJT is known as the base-to-collector current amplification factor, 





where IC and IB are the collector and base currents, respectively. One factor affecting β is the width 
of the base region, as a shorter base-region width will lead to more electrons injected from the 
emitter being swept into the collector, rather than recombining with majority carriers within the 
base region. For a sufficiently thin base region, the majority of the electrons injected into the base 
from the emitter diffuse into the collector before recombining within the base region. 
The PBJT is similar in structure and operation to the standard npn BJT, and differs from a standard 
npn transistor in that the collector is replaced by a gas-phase plasma. The plasma acts as a 
conductor based on the free electrons [35], even though the carrier concentration is much less 






of an n-type semiconductor, the device is able to be operated as a transistor. A band diagram for 
the PBJT is shown in Fig. 3.4. 
 
Fig. 3.4 Energy band diagram of an npn PBJT device with the EB junction shorted, illustrating 
the parameters important to charge transport at the BC interface [20]. 
 
As a result of the abrupt material change at the base-collector interface, the electron energy level 
on the silicon side rises sharply and is expected to be less than or equal to the electron affinity of 
silicon, which is 4.05 eV [12]. Using the matrix sheath approximation, we can write the linearized 
field within the sheath as:  












 . Similarly, using the depletion approximation yields an electric field within the 




(𝑥 + 𝑑) 
where 𝜖𝑟 is the relative permittivity of silicon and d is the depletion region thickness. Since the 
electric field across the silicon-plasma interface must differ from its counterpart in the depletion 
region by a factor of 𝜖𝑟, we have:  
𝐸𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛(𝑥 = 0) = 𝜖𝑟𝐸𝑠ℎ𝑒𝑎𝑡ℎ(𝑥 = 0) 






Then, we choose a reasonable value for Vcathode and s, allowing us to find the approximate depletion 
region width, as well as the approximate ion density within the plasma. Choosing values of 450 V 
for Vcathode and 50 µm for s yields a depletion region of ~ 2 µm in width, which is a reasonable 
value for p-type silicon. Also, this leads to an ion density of 𝑛𝑖 = 2.1×10
11 cm−3, which is a 
reasonable value for a 20 Torr gas plasma and a current density of ~mA/cm2. Because all of these 
values are approximate, for operational reasons, the base region should be sufficiently thick to 
avoid punch-through in case of inaccuracies in approximating the depletion region width. In this 
sense, 10 µm is the value that has been adopted for the width for the base region. 
3.3 Physics at the Plasma-Semiconductor Interface 
The plasma sheath, as discussed above, plays an important role in band-bending and modulating 








where most of the voltage drop occurs. Electrons are swept under the plasma sheath E-field leaving 
the less-mobile ions within this region to be dominant particles. Since the massive ions are 
incapable of carrying the current, a secondary electron emission from the cathode surface, the base-
collector interface, must be resupplied. That is why secondary electron emission is one of the most 
important parameters at the semiconductor/plasma interface [37]. Defining ni and vi as the ion 
density and velocity, respectively, the total current density near the cathode is given by:  
𝐽(𝑥 =  0)  =  𝑒𝑛𝑖(0)𝜇𝑖(0)(1 + 𝛾𝑠𝑒) 
where x=0 represents the interface. This relationship describes the current continuity, 
which is defined by the matrix sheath approximation [17]. 
When a more accurate model of the Child law sheath is desirable, the current density can be 
redefined for a collisional matrix sheath as [38]:  
𝐽 =  𝐽(0) =  
4𝜖0𝜇𝑖𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒
2 (1 + 𝛾𝑠𝑒) 
𝑠3
 




In this sense, we are able to see how Vbe is modulating and affecting the semiconductor/plasma 
interface. When applying a 2 V peak-to-peak sinusoid waveform, IC (proportional to J) varies by 
a factor of 10%, (0.215 mA vs 0.196 mA), VCC remains the same, and the sheath thickness (s) 

















From reference [18], 𝛾0 is 0.115, so that 
𝛾1
𝛾0
 is calculated to be 14.6, which is the secondary electron 









0.96 [17], so that  
𝛾1
𝛾0
 is calculated to be 4.2. Thus, the secondary electron emission coefficient 𝛾𝑠𝑒, 
is tuned by a factor of 3.5 under the Vbe bias.  
The reason for such a dramatic modulation is that the plasma density is changed due to Vbe. We 
can still assume this is a collisional matrix sheath by using the Child law sheath theory to express 
the current density J [32]:  





Since ionization within the sheath is negligible, carrier continuity is expressed by [32]:  




where vB is the Bohm velocity, and second term, arising from sheath movement, is negligible 
compared to the Bohm velocity. The electron density is given by:  





The sheath thickness is the only determining factor in this equation. A few estimates should be 
made first: the electric field immediately adjacent to the cathode is estimated to be ∼104 V/cm and 
the corresponding ion mobility (µi) at this field strength is ∼4 cm2 V−1 s−1 [29]. The electron density 
ne is calculated to be ~10










FABRICATION, CHARACTERIZATION, AND ANALYSIS OF THE 
PLASMA BIPOLAR JUNCTION TRANSISTOR 
 
This chapter provides details regarding the design, fabrication, and performance of the plasma 
bipolar junction transistor. Specifically, a planarized version of the PBJT has been realized and its 
reduced capacitance enables modulation frequencies up to 50 kHz. Nonlinearities observed in the 
modulation of the collector plasma fluorescence are tribute to the realization of PMM. 
 
4.1 Device Fabrication and Experimental Setup 
The PBJTs are fabricated on highly doped n-type wafers (Nd = 3×10
19cm−3) with a lightly doped 
p-type base (Na= 7×10
15cm−3) and the design is that of a lateral diffusion structure. The fabrication 
has been done on silicon-on-insulator (SOI) wafers having an oxide thickness of 15 µm, a device-
layer thickness of 40 µm, and a handle-wafer thickness of 400 µm. 
Isometric and 3D cross-sectional diagrams of the PBJT developed for the present experiments are 
given in Fig. 4.1. Commercially available SOI wafers having a p-type Si device layer and a buried-
oxide (BOX) layer with thicknesses of 80 μm and 10 μm, respectively, served as the fundamental 
structure for the PBJT. After following the order of Piranha cleaning, RCA cleaning, and buffered 
oxide etching (BOE), the SOI wafer was placed in an oxygen tube (1200 °C) furnace to grow a 
500 nm film of dry oxide. This specific layer was grown to protect the device layer as well as serve 
as a doping barrier for the next process. Photolithography (with an EVG 620 system, University 
of Illinois) was used to pattern the doping window for emitter and anode areas. Deep etching was 
performed immediately thereafter by the Bosch process in order to increase the doping area. A 22 





Subsequently, metal contacts for the emitter/base/anode were deposited together by the standard 
process of patterning, Freon reactive ion etching (RIE), and evaporation of Au. In this way, gold 
contact pads were patterned onto all three ends of the device, onto which wires were subsequently 
bonded. An additional SiNx (200 nm thick) deposition step served to prevent the electrodes from 
arcing in the rare-gas environment. For the last step, plasma trenches were etched throughout the 
wafer from both front and backside of the wafer by the Bosch process. These trenches serve to 
minimize leakage current from the device layer. 
 
Fig. 4.1 Isometric projection and cross-sectional illustrations of the PBJT structure of the present 
experiments. The anode is connected to a DC voltage (400 V), and a TTL AC waveform drives 
the emitter-base junction. A trench is etched through the device to limit the current leakage and 
provide for the collector plasma cavity. 
 
The base and anode were separated by 50-500 μm to provide a plasma trench, which was back-





experiments (Fig. 4.2). Before conducting the experiment, the PBJT device was placed in the high-
vacuum system (base pressure of 10-6 Torr) for 24 hours. For all of the experiments described here, 
the voltage VCC was provided by a power supply delivering 300–550 VDC through a 100 kΩ resistor 
in series with the anode. A transistor-transistor level (TTL) sinusoidal waveform having a voltage 
and frequency of 1.4 VRMS and 1 Hz to 50 kHz was applied to the emitter/base junction to control 
the collector microplasma by throttling the injection of electrons from the base into the collector 
plasma. Due to the electric field in the sheath region at the plasma-semiconductor interface, 
electrons drifting from the base into the collector are accelerated and sustain the bulk plasma. 
Current supplied to the plasma was determined from the voltage developed across a 1 kΩ resistor. 
When the collector microplasma was generated in the trench, the orange glow characteristic of 
neon was readily visible by eye and with an intensified charge coupled detector camera (ICCD, 
PIMax-3) or a photodiode detector. 
  
Fig. 4.2 Optical micrograph in planar view of the PBJT structure, with a 50 μm-wide gap between 






Fig. 4.3 PBJT collector plasma response to the base driving voltage (Va), for a 2V peak-to-peak, 
100 Hz sinusoid driving waveform. The driving circuit is shown by the inset at right. For 
convenience, the blue arrows indicate the direction of travel for the hysteresis characteristic. VCC 
and pNe were fixed at 450 V and 20 Torr, respectively. 
 
The optical emission generated by the PBJT devices was first recorded with an ICCD camera 
coupled to a telescope. Temporally and spatially resolved images of the spontaneous emission 
produced by the collector plasma were recorded. Fig. 4.3 illustrates the dependence of the 
spectrally integrated collector emission intensity on Va, the RMS base-emitter voltage, when the 
Ne pressure and collector voltage VCC are fixed at 20 Torr and 450 V, respectively. For 
convenience, the common emitter circuit with which the measurements were made is shown by 





points) appears to be linked to charge dynamics in the base and, specifically, the effective 
capacitance of the base. For this reason, the plasma intensity remains almost the same. 
4.2 Experimental Results and Analysis 
The collector plasma, controlled by a 1.4 V (RMS) sinusoidal voltage applied to the EB junction, 
was observed with an ICCD camera having a minimum gate width of 5 ns. Time-resolved images 
of the optical emission from a PBJT collector plasma are presented in Fig. 4.4 in false-color, 
illustrating the control over the collector plasma that is afforded by the input TTL signal. When 
the collector pressure is 20 Torr Ne, and the DC voltage VCC is fixed at 400 V, modulation of the 
collector plasma is vividly illustrated in Fig. 4.4. Not only does the collector plasma intensity vary 
according to the magnitude and polarity of the TTL input signal, but the sheath thickness is found 
to vary (between forward and reverse bias) by ~ 10 μm. 
Eight representative images of the spatially resolved visible emission generated within the PBJT 
collector are illustrated in Fig. 4.4 as false color intensity maps. The response of the collector 
plasma within one cycle of the 100 Hz sinusoid Vbe waveform was recorded. It is clear that, despite 
a constant value of VCC, the collector emission is modulated strongly in space and time by the 2 V 
peak-to-peak waveform applied across the E-B junction. Emission is most intense and broadest in 
spatial extent at 7.5 ms, where t = 0 is the zero crossing for the VBE positive half cycle. This strong 
variation of the plasma emission in response to changes in the E-B junction bias is a clear 
demonstration of the interaction between the e--hole and e--ion plasmas. The abrupt onset of 
intense collector emission occurs when the E-B bias voltage exceeds the threshold value, 
demonstrating that the collector plasma is being supplied by electrons tunneling through the base-






Fig. 4.4 Series of false color images, captured by a telescope and ICCD detector, of the emission 
produced by the negative glow and sheath edge in a PBJT. For these measurements, the anode-
cathode separation and Ne pressure were fixed at 500 μm and 20 Torr (300 K), respectively. All 
data were recorded with a 2 V peak-to-peak sinusoid waveform driving the emitter-base junction, 
while Vcc is set at 450 V. 
The relative collector plasma intensity and position are evident in the sequence of images shown 
in Fig. 4.4. Operated for a VEB frequency of 100 Hz, results are presented for t = 0, 1.25, 2.5, 3.75, 






Fig. 4.5 Temporal optical response of the collector plasma corresponding to the E-B bias signal. 
 
The temporal optical response of the collector plasma corresponding to the sinusoidal waveform 
driving E-B junction is shown in Fig. 4.5. The optical emission signal, represented by the red traces, 
was recorded by a photodiode detector. The sinusoidal waveform in black is the input TTL signal, 
2 V peak-to-peak having a frequency of 10 Hz, 100 Hz, 1 kHz, and 10 kHz. It should be noted that 
the collector plasma intensity waveform is clearly distorted when the input signal frequency is 10 
kHz. Nevertheless, the frequencies reported here for driving a PBJT are the highest achieved to 
date. The fastest PBJT device reported previously, by researchers from the University of Illinois 





in raising this limit by more than an order of magnitude.  This device structure is also capable of 
being integrated into VLSI circuits because of its planar-device design. All three ends of the device 
(emitter, base, and collector) are defined in arrays by photolithography, within a sub-500 μm scale, 
on a planar Si wafer. 
4.3 Nonlinear Behavior of the PBJT 
From Fig. 4.5, it is evident that, as the E-B input signal frequency is increased, the optical emission 
waveform becomes increasingly distorted. In this section, we will discuss the nonlinear behavior 
observed from the PBJT platform, and tentatively attribute this behavior to different mobility 
values for ion and electron. 
 
Fig. 4.6 Fourier transform of the temporal optical emission response of the collector plasma when 
the collector voltage, gas pressure, and base-emitter voltage are 450 V VCC, 20 Torr Ne, and 0.7 V 







The collector plasma emission profile is acquired under 100 Hz Vbe input waveform. Fig. 4.6 
shows the Fourier domain representation (FFT) of the collector plasma emission waveform. This 
appearance of a second harmonic reinforces the nonlinear characteristics observed in the 
waveforms of Fig. 4.5. For this reason, a set of experiments was conducted in which the E-B 
sinusoidal driving frequency was varied up to 50 kHz while maintaining the Ne pressure at 20 Torr.  
 
Fig. 4.7: FFT of the collector plasma responses for different input frequency signals. 
 
Representative data are shown in Fig. 4.7, and the collector plasma emission profiles 
corresponding to the input signals indicate a strong correlation between the nonlinear behavior of 





section). For driving frequencies of 1 kHz, 5 kHz, and 8 kHz, the higher harmonic orders are 
obvious and remain strong compared to lower and higher input frequencies. Especially for the 8 
kHz input signal, we are able to observe strong harmonics up to the 14th order. This is a direct 
proof that the collector plasma optical emission profile reflects a nonlinearity in the 
plasma/semiconductor interaction. The results of Fig. 4.7 (and data of other frequencies) prompted 
a detailed analysis of the collector plasma and its dependence on the E-B junction, in an effort to 
confirm the cause of the nonlinear behavior of the collector plasma optical emission waveforms. 
The results of this analysis are summarized in the following section. 
4.4 Analysis of Plasma Nonlinearity 
It is believed that the sheath movement observed in Fig. 4.4 is evidence of plasma density and 
current density modulation in the collector of the PBJT, induced by varying the base-emitter 
junction bias. This plasma density modulation is the cause of the nonlinear behavior observed in 
Fig. 4.7. This section discusses the estimation of the collector plasma density that can be obtained 
for the experimental base-emitter waveform, and the values of VCC and the Ne pressure. 
In the PBJT, the modulation of the electron density ne arises from electron injection introduced by 
the E-B junction. Under E-B forward bias, electrons from the emitter tunnel through the 
base/plasma vacuum barrier of Fig. 4.8. Upon entering the collector, electrons are accelerated by 
the sheath electric field shown in Fig. 4.8 (|?⃗? | > 106 V/m) and injected into the collector plasma, 
thereby enhancing emission. Under the reverse bias, the E-B junction is depleted of carriers and 
consequently few electrons are injected into the collector plasma, so the current in the plasma 
sheath is carried only by ions. However, the ion mobility is three orders of magnitude less than 





variation of the E-B bias waveform and the collector emission is not a replica of the driving E-B 
waveform. The result is the appearance of strong nonlinearity in the collector emission waveform 
as the driving frequency is increased. 
We begin by developing a relationship between current density j in the sheath region, electron 
density ne, collector voltage VCE, and sheath thickness s. These are illustrated in Fig. 4.8. During 
forward bias of the E-B waveform, the current throughout the collector (sheath and bulk plasma) 
is carried by the electrons, since most of the voltage drop of VCE occurs within the sheath region, 
and the current density is primarily drift current (all electrons are injected into the plasma under 
the sheath electric field; diffusion is a minor contribution to the current density). During reverse 
bias of the E-B junction, the current is carried by the ions, as few electrons are injected into the 
collector plasma from the base.   
 
Fig. 4.8 Diagram of the entire PBJT, with emphasis on the sheath region of the device at the 
plasma/base interface. 













    for the negative cycle of E − B bias
 
Reasonable estimates for both contributions to the collector current can be calculated because the 
relevant constants are well known. 
 
Fig. 4.9 Mobilities of Ne+ and Ne2
+ in a neon background [29].  
From Fig. 4.9, from S. C. Brown’s classic text [29], μi for Ne
+ is adopted to be 4 cm2 V-1 s-1. 





where νm is the collision frequency (𝜈𝑚 = 𝑘𝑚𝑁𝐺)), 𝑘𝑚 is the momentum transfer rate coefficient, 
and NG is the number density of neon (NG=P/kT). However, 𝜇𝑒  can be calculated in a more 








By using D= 200 cm2/s for 20 Torr at 300 K, from [29],  𝜇𝑒is estimated to be 7000 cm








The ion mobility in the sheath is almost three orders of magnitude less than that of an electron, 
which prevents the current waveform from matching the EB sinusoidal waveform. In the positive 
cycle, as the electrons are extracted and injected into the collector plasma from the base surface, 
the collector plasma will respond quickly to the input sinusoidal waveform, allowing the collector 
emission to replicate the E-B waveform [30]. However, in the negative cycle, the E-B junction is 
reversely biased so that few electrons are injected into the collector plasma; instead, ion oscillation 
dominates, causing the lack of syncing between the current waveform and the EB sinusoidal 
waveform [31]. A direct correlation between the positive/negative cycle of the EB input sinusoid 
and the resulting light emission waveform can be established by viewing the collector emission in 
the Fourier domain. Fast Fourier transforms (FFTs) of collector plasma emission waveforms of 
the positive and negative cycles are shown in Fig. 4.10.  
 
Fig. 4.10:  FFTs of collector plasma emission profile for both the positive and negative half cycles. 





For the data shown, VCE has been set to be constant 400 V, and this voltage drop occurs 





The sheath thickness s was measured experimentally at various E-B driving frequencies from 
images such as that shown in Fig. 4.4. By estimating the sheath thickness for each timeframe, with 
regard to one cycle in the E-B waveform, the variation with respect to time t of the sheath thickness 
s can be calculated. At a frequency of 5 kHz, the plasma sheath thickness was recorded 
experimentally and is shown in Fig. 4.11. 
 






According to Fig. 4.11, the sheath thickness (s) varies over the range of ~50–62 µm. Furthermore, 
the electric field immediately adjacent to the cathode is estimated to be 6.7×104 ~8×104 V/cm. 
Given the values for VCE, s, µi, and µe, the current density will be calculated for a given value of 
ne, the electron density in the collector’s bulk plasma. To characterize the plasma density generated 
by the PBJT, the electron temperature (Te) and the reduced electric field (E/N) are to be determined 
in order to calculate the electron density (ne). 
A Maxwellian electron energy distribution function is used for this simulation, although the 
assumption of a Maxwellian distribution usually leads to an overestimate of the calculated 
ionization rate coefficient. However, in our case, the pressure is only 20 Torr Ne and the estimate 
will not be off by more than an order of magnitude, which is acceptable for the purposes of this 
calculation. 
In order to make the calculation tractable, a few assumptions have been made. The first is that the 
electrons from the base injected into the collector (ionization) are the only external source of 
electrons and electrons diffuse to the anode, because the electric field magnitude is weak in the 
bulk plasma.  Ideal molecule cross section for ionization is used. The gas temperature is set to be 
300 K and the gas pressure is assumed to be 20 Torr, which corresponds to a number density of 
6.4 ×1017 cm-3 at 300 K (NG = P/kT). The diffusion length is L/π, where L is a longitudinal plasma 
dimension (from anode to the sheath). Since pure neon is used in the experiment, the mass of the 
gas atom M is 20 amu.  
The continuity equation is expressed as: 
𝜕𝑛
𝜕𝑡






































From the continuity equation (4.5), the diffusion coefficient can be calculated in the following way:  











𝜖1/2 𝑒𝜖/𝑘𝑇𝑒𝑑𝜖  
The ambipolar diffusion coefficient is expressed as: 
𝐷𝐴 = 𝐷𝐼(1 +
𝑇𝑒
𝑇𝑔
), 𝐷𝐼 = (
𝑘𝑇𝐼
𝑀𝜈𝑚
) = (𝜋/8)𝜆2/𝜈𝑚  
where νm is the collision frequency for electron-neutral momentum transfer, 𝜈𝑚 = 𝑘𝑚𝑁𝐺 , and λ is 
mean free path for electron-neutral collisions, 𝜆 =
1
𝑁𝐺𝜎
.  By using equation (4.10), km and L can 
now be described in terms of one another. The ionization rate coefficient (km) represented by 
electron temperature (Te) is derived as described below. 





















where we can use a ~180 pm for the scattering radius, which corresponds to a cross 















If we instead use the momentum transfer cross section for an ideal molecule (2×10-15 





















So we are now able to plot Te as a function of distance L, as shown in Fig. 4.12. 
 
Fig. 4.12 Dependence of the microplasma electron temperature (Te) on distance (L) from the 







For a sheath thickness of 50 ~ 62 μm, L and Te are found to be 446 ± 4 μm, and ~ 1.88 eV, 
respectively. Since the electron loss rate decreases with increasing diameter, a lower ionization 
rate is needed to balance this loss. Consequently, Te decreases rapidly with respect to L. 
The reduced electric field E/N is a critical parameter of the plasma that effectively determines Te 

















On the basis of equation (4.14), E/N can be calculated as a function of L and the result is shown in Fig. 4.13.  
 
Fig. 4.13 Calculated variation of the E/N in the microplasma with length L. The calculations assume 
N ≡ [Ne] = 3.2 ×10
17 cm-3. 

















Using the average current density from experiments, 10 mA/cm2, the electron density ne is 
calculated to be 3.8 ×1012 cm-3, shown in Fig. 4.14, which is lower than, but comparable to, 
estimates described earlier. 
 
Fig. 4.14 Dependence of electron density ne on the plasma dimension L.  
 
Now we are in a position to determine the current density modulation caused by the input E-B 
waveform. Adapting equation (4.1) for the plasma current density in the negative and positive half 
cycle of the E-B driving voltage, and assuming VCE, ne and the carrier mobilities to be those 
determined earlier, then the current density can be calculated for one cycle of the E-B waveform 
and a representative result is shown in Fig. 4.15 for f = 5 kHz. 
For the model presented above to be valid, the current density simulations plot should be in 
agreement with the experimental data. Since the current density is assumed to be directly 
proportional to the collector plasma intensity, it is reasonable to compare these two (Fig. 4.16). It 
is clear that the experiment waveform is more distorted in the negative half cycle than is the 
simulated waveform. This distortion essentially vanished in the positive half-cycle, which provides 






Fig. 4.15 Calculated current density in the collector during the positive half-cycle.  
 
 
Fig. 4.16 Comparison of the experimental (red curve) and calculated (dashed curve) collector 






ln a weakly ionized plasma where the neutral density is much higher than the plasma density, the 
dominant damping mechanism of ion acoustic waves is ion-neutral collisions. The damping rate 





Thus, the oscillatory behavior of the ions in the plasma sheath can be written simply as:  















If 𝑛𝑖 is assumed to be 4 × 10
12 cm−3, and the charge state of the rare gas ions is one, then 𝜔𝑃𝑖 is 
found to be 600 Hz, at which frequency the collisional damping should be the smallest. Our 
experimental results agree with the calculation to within a factor of two because, as illustrated in 
Fig. 4.17, the relative magnitude of the second harmonic in the waveform FFTs reaches its 









Fig. 4.17: Experimental measurements of the relative strength of the second harmonic of the 
collector waveform FFT. Results are shown for E-B driving frequencies of 10 Hz to 50 kHz and 








MICROCAVITY PLASMA PERTUBATION AND COUPLING 
STUDY 
 
5.1 Experiment Design and Device Fabrication 
 
Fig. 5.1 shows the DBD device.  It consists of three 500 × 500 μm2 microcavities connected by 
two 100 μm wide and 500 μm long channels. The aspect ratio of the microchannels is 5:1. There 
is a gold film electrode underlying the microcavities and channels. This layer is continuous for the 
most tested device structures and was powered by a bipolar sequence of 550 V pulses with the 
duration of 20 μs (shown in Fig 5.1 and 5.3). To assess the dynamics of microplasma shape and 
motion caused by wall charge migration, the DBD devices with 50 μm wide gaps in the gold 
electrode were tested too.  
As illustrated in Fig. 5.2, the upper electrodes were designed to be associated with a microcavity 
and were isolated. The ITO electrode for the center microcavity was grounded. The left and right 
upper electrodes can be driven by a second sequence of bipolar 100 V pulses with 5 μs width. The 







Fig. 5.1 Isometric projection illustration of the coupled microcavity structure of the present 
experiments. The entire lower electrode (a patterned gold film) is driven by the same bipolar pulse 
waveform (see Fig. 5.3; a portion of each upper (ITO) electrode is cut away to illustrate the 
connections to the Au electrode) whereas the three upper electrodes (thin indium tin oxide (ITO) 
films) are independent, and the center film electrode is grounded. The two sets of electrodes are 








Fig. 5.2 (a) Cross-sectional and (b) plan views (not to scale) of the microplasma cavity and 
channel structure. Two variants on the basic geometry have been tested to date, one of which has 
two 50 μm wide gaps intentionally introduced into the channel portion of the gold electrode. All 
dimensions in both panels are given in μm. 
 
As shown in Fig 5.2 panel (a), a 500 nm thick SiO2 film was layered onto a p-Si (100) substrate, 
and a 200 nm thick Ti/Au/Ti electrode was subsequently patterned onto the dielectric barrier layer. 
A 200 nm thick SiNx film was grown by plasma-enhanced chemical vapor deposition (PECVD) 





that was designed to match the Au electrode pattern. The microcavity depth was 100 μm. A 100 
μm thick ITO glass window sealed the entire device. 
As shown in Fig 5.2 panel (a), a 500 nm thick SiO2 film was layered onto a p-Si (100) substrate, 
and a 200 nm thick Ti/Au/Ti electrode was subsequently patterned onto the dielectric barrier layer. 
A 200 nm thick SiNx film was grown by plasma-enhanced chemical vapor deposition (PECVD) 
to protect the Au electrode from ion bombardment. The cavity wall was made of polymer SU-8 
that was designed to match the Au electrode pattern. The microcavity depth was 100 μm. A 100 
μm thick ITO glass window sealed the entire device. 
As shown in Fig 5.2 panel (b), two sets of three microcavities and associated channels were 
fabricated on a single Si chip. The upper set features a continuous base Au electrode. The lower 
set differs from the upper one in that the 50 μm wide gaps were introduced into the Au electrode 
on either side of the central microcavity. Two SU-8 barriers with the same thickness as the gaps 
were fabricated using photolithography. The ITO film electrodes were deposited onto the outer 
surface of the glass window. The research-grade Ar or Ne gas was introduced and the pressure was 
maintained at 200 Torr. 
Fig. 5.3 shows the 20 kHz bipolar pulse driving waveforms and two trigger pulse sequences. The 
driving waveform was applied directly to the gold electrode at three positions. It comprises 550 V 
pulses of alternating polarity and is separated by 5μs. The voltage waveform grounds the 
microplasma device between each positive and negative pulse in the periodic waveform. The 
electric field strength in the microcavities can be modulated by ± 18% with respect to the value 
present in the main cavity by applying a sequence of 100 V pulses to the ITO electrodes. The 





sidearm cavities by 18%. Temporally and spatially resolved images of the spontaneous emission 
were recorded with a gated intensified CCD camera coupled to a telescope. 
5.2 Experimental Results and Discussion 
 
Fig. 5.3 Sequence of bipolar voltage waveforms applied: (top) to the patterned gold electrode, 
and (bottom two traces) to the ITO trigger electrodes. The primary pulse sequence comprises 10 
ns risetime, 550 V pulses whereas the trigger voltage is 100 V. 
 
Fig. 5.4 shows the spatially resolved Ar fluorescence intensity produced in the DBD device 
geometry of Fig. 5.1. These are the results of integrating over 1000 cycles of the driving voltage 
waveform. Image (a) was recorded when the “Trigger 1” of Fig 5.3 was applied to the left 
microcavity, and image (c) was recorded when the “Trigger 2” was delivered to the right 
microcavity. The image (b) was observed when no trigger pulses are applied to either sidearm 







Fig. 5.4 (Top panel) Time-integrated, false color images showing the spatial distribution of the Ne 
microplasma spontaneous emission generated in the device structure of Fig. 5.1, and the upper 
geometry of the two given in Fig. 5.2 (b). Image (a) was recorded when the trigger pulse sequence 
of Fig. 5.3 (“Trigger 1”) was applied to the left microcavity, and (c) is the result of delivering the 
Trigger 2 sequence of pulses to the right-hand microcavity. When no trigger pulses are delivered 
to either sidearm cavity, the image of panel (b) is observed. Each of the images is the result of 
integrating over 1000 cycles of the driving voltage waveform. The lower half of the figure shows 
intensity lineouts for the central cavity in (a)-(c). The lineout for the image of (b) is represented by 





Our experiments on multiple devices showed that the intensity emanating from the central 
microcavity is enhanced significantly by the application of 100 V trigger pulses to either sidearm 
microcavity, thereby modulating |E| by ≤ 20% relative to that of the central cavity. These results 
are the evidence of coupling between the two plasmas in panels (a) and (c) in Fig. 5.4. The intensity 
is clearly displaced toward the sidearm microcavity that is excited by trigger pulses. The shift of 
the peak intensity is almost 100 μm. The spatial width is broadened by 20%. 
Fig. 5.5 shows a set of false color images that were recorded with the 750 V driving pulse 
waveform. All other parameters of the experiments remained unchanged. Image (a) was observed 
when trigger pulses were not applied to either sidearm microcavity. Image (b) shows the plasma 
emission map of the central microcavity to be elongated and translated in the direction of the 
triggered microcavity. A weaker microplasma also appears in the left microchannel. The same 
phenomenon was observed when plasma was produced in the right sidearm microcavity. The 
excitation of both the left and right sidearm microcavities results in the central microplasma 
remaining stationary. These data affirm the conclusion that the sidearm and central microcavity 
plasmas are coupled through the charge injected into the intervening microchannel. Before leaving 
this subject, it should be mentioned that the stability of these experiments was sufficiently high 
that the relative intensity profile within a single, unsaturated image was reproducible to within ± 
10%. However, it is not possible to attribute significance to variations in the relation intensity 







Fig. 5.5 Magnified versions of images similar to those of Fig. 5.4: (a) No trigger pulses applied to 
either sidearm cavity. (b) Trigger 1 sequence applied to the left sidearm cavity. (c) Trigger 2 
sequence applied to the right sidearm cavity. (d) Trigger pulses applied to both sidearm cavities. 
Distortion of the central microplasma, and the appearance of a weak secondary plasma in the 
channel, is apparent in (b) – (d). In acquiring these images, the amplitude of the pulses in the 







Fig. 5.6 False color images [(a) – (c)] and lineouts analogous to those of Fig. 5.4, but obtained with 
the microcavity/channel geometry of Fig. 5.2b in which the gold electrode is interrupted by two 
50 μm gaps. 
The stability of these experiments was sufficiently high that the relative intensity profile was 
reproducible to within ± 10%. However, it is not possible to attribute significance to variations in 
the relation intensity between any results in Figs. 5.4 and 5.5 that are within approximately 50%. 
Experiments were also conducted with the geometry of Fig. 5.2(b) in which the gold electrode was 





displacement of the plasma intensity distribution was observed when either the left or right sidearm 
microcavities was triggered. The relative intensity of the central microplasma was not increased 
by the presence of plasma in any sidearm microcavities. 
 
Fig. 5.7 Time-resolved spatial intensity profiles for the central cavity microplasma when one of 
the outside microcavities (at right) is excited (Trigger 1). The red traces were recorded for 490 ≤ t 
≤ 590 ns (where t = 0 is defined to be the initiation of the negative pulse in the bipolar pulse driving 
waveform; see text) as the plasma intensity is rising and the microchannel plasma appears. Profiles 
in blue were recorded for 620 ≤ t ≤ 670 ns, when the central plasma weakens and abruptly shifts 
to the microcavity geometric center. The inset shows the rapid retreat of the plasma centroid, 





The temporally and spatially resolved images of the plasma in the central cavity and one or both 
of the nearby microchannels are shown in Fig. 5.7. Several lineouts of images were recorded at  
500 ns to 700 ns following the application of the second 550 V pulse in the driving waveform of 
Fig. 5.3. The telescope was situated and adjusted to have both the central microcavity and one 
adjoining microchannel in its field of view. A map of the intensity in a region with a width of 
~1000 µm was recorded with each image. The camera gate pulse width was set to 10 ns. The path 
of the lineouts was the microcavity-microchannel centerline. 
Two distinct stable states were revealed after repeated measurements of the spatial distribution of 
the microplasma emission following the arrival of the second driving pulse. The first appearance 
of microplasma in each driving pulse period occurs at ~490 ns.  
The plasma reached the peak intensity at ~ 330 µm, which is approximately 80 µm to the right of 
the center of the cavity. The emission spatial profile is skewed toward the right. Such tapering of 
the microplasma in the direction of the 100 µm wide channel is consistent with the time-integrated 
profiles of Fig. 5.4. The microplasma intensifies rapidly and maximum emission moves slightly to 
350 µm between 490 ns and 540 ns. In the same time interval, a weak plasma appears in the right 
microchannel. The spatial profile of this secondary microplasma is also asymmetric because this 
microchannel plasma owes its existence to the donor plasma in the right sidearm plasma. The 
correlation between the appearance of plasma in the microchannel, the asymmetry of the 490-590 
ns intensity profiles in the central cavity, and the existence of plasma in the donor cavity 
demonstrate coupling of the central and sidearm cavity plasmas. 
In the next 50 ns (540 ~ 590 ns), the central microcavity plasma intensity doubles and the plasma 
intensity profile moves toward the microchannel part from the right-hand side at a velocity of ≈0.4 





ns the plasma movement slows down and the intensity profile remains the same. Around t ≈ 620 
ns, the plasma moves towards the microcavity by 75–80 μm and left the microchannel portion 
disappears. As shown by the strongest blue profile of Fig. 5.7, peak emission at t = 620 ns is found 
near the center of the microcavity, and the velocity at which the plasma traveled from the 
microchannel (between 590 and 620 ns) is 1.5 – 2 km/s. After that, the plasma intensity profile 
stays precisely at the center of the cavity, and the t > 620 ns intensity profiles are symmetric with 
a spatial width (FWHM) of 260 ± 15 μm. 
In summary, temporally resolved images of the plasma in the central cavity reveal two phases: (1) 
There is an initial mode in which maximum intensity occurs near 350 μm and this elongated plasma 
expands in the direction of the microchannel aperture, and a weaker plasma is centered in the 
channel, at a speed of ~ 400 m-s-1. (2) Near t = 600 ns, the plasma abruptly reverses direction, 
moving away from the microchannel at a speed of approximately 1.6 km/s. During this plasma 
phase transition, the peak intensity changes insignificantly, but soon thereafter the central 
microplasma decays rapidly while remaining centered in its microcavity. 
Figs. 5.4 – 5.7 can be interpreted as the impact on the central microplasma of wall or free charge 
injected into the microchannel from the plasma produced in an outside cavity. The electric field of 
the “donor” plasma from the microcavity directly modulates the charge injection into the 
microchannel side. Also, the weak plasma observed in the center of the microchannel is established 
by the microcavity “donor” plasma. The injected charge is drawn to and subsumed by the 
microchannel “acceptor” plasma by the sheath electric field at the microchannel entrance. This 
interpretation is supported by the sharp plasma intensity profile at the microchannel entrance. 
Under this circumstance, a coupling system is form by the outside “injector” plasma, free and wall 





central microplasma, resulting in stronger emission intensity and plasma movement towards the 
microchannel. However, the charge depletion in the microchannel terminates the electron 
transportation into the acceptor plasma and stops the coupling system. Then the microcavity 
plasma finds its equilibrium instantaneously. 
 
Fig. 5.8 Two-dimensional, false color map (top) and associated lineout (bottom) for the electron 
density in the central and outside microcavities, as well as in the connecting microchannel. 
 
Simulations conducted by COMSOL Multiphysics also confirm the conclusions summarized 
above. A geometry model was established in 2D according to the real device dimension in Fig. 5.2 





are similar to the false color images; in particular, the lineouts are found to be in agreement. The 
simulation condition has employed the experimental parameters described earlier (200 Torr Ar, 
550 V driving pulses, 100 V trigger pulses), and the false color map of Fig. 5.8 represents the 
spatial variation of the electron density immediately after the central microplasma appears. The 
simulation predicts the asymmetry of the central cavity charge density profile and, specifically, the 
skewing of the profile in the direction of the microchannel. Although the relative strength and 
position of the microchannel plasma are not precisely predicted by the simulation, the lineout of 
Fig. 5.8 exhibits a weak peak in the microchannel plasma emission profile. 
5.3 Propagation Model 
Plasma propagation velocity can usually be contributed by two parts: drifting velocity and 
diffusion velocity.  




+ 𝑣𝑖 ∙ ∇𝑣𝑖] = 𝑞𝑛𝐸 − ∇𝑝 − 𝑚𝑛𝜈𝑚𝑣𝑖 
where ∇𝑝 = 𝑘𝑇∇𝑛.  
In a steady state system, acceleration and applied force terms are negligible, which means: 
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Since electric field E is applied in the vertical direction and plasma propagates horizontally, there 












A model of simulation on the 2D cross-section view of the device cell was established to 
investigate the electric field strength distribution numerically. The established simulation model 
was bounded by 200 nm thick Au as the bottom electrode coated with 200 nm thick SiNx film as 
the dielectric layer on the bottom, two 96 µm thick SU-8 barriers on the two sides forming the 
desired microcavity and 100 µm thick ITO glass on the top as the counterelectrode. The natural 
gap between the SU-8 barrier and ITO glass was set as 4 µm. The electrostatic simulation was 
performed by COMSOL Multiphysics and the result is shown in Fig. 5.9. The input parameters 
were set according to the experiment, with a bipolar waveform applied on the device.  
The false-color map represents the electric field strength (V m−1) across the cross-section view 
within the device. The top part of Fig. 5.9 is the overview of the simulation result of the entire 
cavity, representing the spatial distribution of the static electric field, and the magnified simulation 
results of specified areas marked with dotted rectangular frames are shown in Fig. 5.9(a)–(c), 
representing the electric field distribution in the natural gap, in the cavity area near the ITO 
electrode and in the cavity area near the Au electrode, respectively. From the simulation results, 
the electric field strength in the nature gap is ~ 38 V µm−1, which is ~ 2.3 times stronger than the 








Fig. 5.9 Electrostatic simulation of electric field strength distribution on the 2D cross-section view 
of the microchannel-cavity device. (a) Electric field strength distribution near the natural gap. (b) 
Electric field strength distribution in the microcavity near the ITO electrode. (c) Electric field 
strength distribution in the microcavity near the Au electrode. 
5.4 Summary 
This chapter has described the work of microplasma coupling through charge transport by the 
interaction of a microcavity and microchannel. During coupling, the donor plasma, free and wall 
charges in the microchannel transport electrons into the acceptor (central) microcavity plasma by 
means of the sheath electric field at the microchannel entrance. Peak plasma emission intensity is 
increased by a factor of 2, and moved towards the microchannel (electron source) by 75-100 μm. 
Then the depletion of free charge in the channel breaks the coupling mechanism, and the central 












In this chapter, we report on the development of an on-chip microplasma laser based on Ar-Xe gas 
mixture plasma confined in a wafer-scale microchannel structure which is suitable for near-IR 
lasing at 823 nm wavelength. SU-8 microchannels having lengths varying from 1 cm to 5 cm and 
cross-sectional areas of 100×100 µm were fabricated on a silicon wafer using IC-compatible 
fabrication processes. Microchannels were sealed, and two Au electrodes facing each other and a 
dielectric barrier discharge (DBD) structure were deployed for Ar-Xe plasma discharge. Stable 
plasma discharges were obtained from the device with Ar, Ne, Ar-Xe, and He gases at voltages 
consistently below 1200 V. An intensified charge coupled device (ICCD) was used to study the 
emission beam profile at the end of the microchannel. The spectrum of the emission from the end 
of each channel was analyzed. Our study shows that the emission intensity at 823 nm increases 
exponentially at voltages higher than 700 V with 800 Torr and 4.5% Ar-Xe gas mixture. Amplified 
spontaneous emission (ASE) was observed from the on-chip microplasma laser. The device 
described here paves the way for future near-IR or IR sources of laser emission employing a 
microchannel geometry.  
6.1 Background 
Microplasma has gained much attention from both academia and industry for its numerous 
potential applications in the fields of medicine, optics, and environmental science and 





laser in small dimensions ranging from ~10 µm to ~1000 µm. By varying the gas species, voltage 
and cavity structure design, one can manipulate the characteristics of the microplasma [41]. With 
relatively low energy consumption, microplasmas have been used in plasma displays, illumination, 
ozone generation, sensors, and compound chemical destruction. 
In this chapter, we demonstrate a reliable platform for an on-chip Ar-Xe microplasma laser. The 
Xe laser has been studied for more than 40 years for its theoretically high power output in the 
infrared. However, previous laser systems have large footprint which is not suitable for on-chip 
applications, especially opto-communication applications. Developing a reliable on-chip source 
based on Xe emission wavelengths could be an attractive topic for researchers in many fields. 
Since microplasma technology can provide a wide range of electron temperature and density, it is 
a valuable source for on-chip optoelectronics. 
6.2 State of the Art for the Ar-Xe Laser 
An Ar-Xe laser with principal lasing transition from 5d to 6p at 1.73 µm wavelength has been 
intensively studied since the 1980s for its potential application in high-power laser systems 
[42, 43]. The atomic Xe laser is able to achieve the power efficiency of <5% with a wide range of 
pumping rates. Inert gases such as Ar and Ne have been used as Penning gases to assist the 
power injection into the Xe2 dimer and buffer the Xe discharge. The total pressure of the buffer 
inert gas and Xe gas can range from 2 Torr [44] to 14 atm [45]. Different pumping methods have 
been demonstrated such as fast electron beam pumping [46], electric discharge with external 







Fig. 6.1 Schematic of the primary optical transitions in the Ar-Xe plasma [49]. 
Most of the studies on the Ar-Xe plasma laser have been focused on the six infrared transitions 
from 5d to 6p which correspond to six wavelengths between 1.73 µm and 3.75 µm. Fig. 6.1, 
adapted from the report of Ar-Xe gas laser by Apruzese et al. [49], shows the main reaction 
kinetics of the Ar-Xe laser. The Ar-Xe gas mixture is pumped electrically or by an electron beam. 
The plasma is partially ionized with ionization rate less than 1%. The three-body heavy particle 
reactions of Ar and Xe ions with neutral atoms ultimately produce ArXe+ and Xe2+. Dissociative 
attachment with one or both of these ions produces atomic Xe ions which quickly decay to a 
lower energy level and emit photons. Research shows that compared with electron excitation 
of Xe+ from 6s to 5d, the dissociative attachment of ArXe+ provides more Xe+ in the excited 
state [49]. 
After successful demonstration of the Ar-Xe laser system in the 1970s [50, 51], electric 





mJ and efficiency from 0.01% to 5%. The repetitive pulse rate ranges from ~25 Hz to 10 kHz. 
The average power for this laser was 10 W.  
6.3 Experiment Design and Device Fabrication 
This section describes in detail the design and fabrication of a microchannel device for the ArXe 
microplasma laser as well as the data acquisition system layout. In this section, the design 
principles of the microplasma device will be discussed. A detailed cleanroom processing procedure 
will be provided to fabricate a precise microchannel array on a silicon wafer. Several advantages 
have been revealed with this design and the prospect of future development of this technique will 
be discussed. The fabrication process of the proposed device will be discussed in detail. The 
photographs of two versions of the devices will also be presented.  
The ultimate goal of the device design in our project is to precisely fabricate a microchannel 
structure for plasma generation compatible with optical study. There are three main challenges 
here. First, the microchannel structure and the electrode should be robust enough to endure 
high voltage as well as plasma etching. The etching effect of the plasma and the high electrical 
field within the electrode can cause electrical arcing, which destroys the device. To avoid this 
problem, a material with high electrical resistance and conformal shape should be deployed to 
reduce the impact of electrical arcing on the electrode. We chose SU-8 negative epoxy 
photoresist to fabricate the main body of our device. SU-8 can provide not only good electrical 
insulation but also high transmission efficiency for the wavelength of interest. By using SU-8, we 
can monitor the plasma propagation within the microchannel at different angles, thus 
providing more valuable information for study. The second challenge is 





channel, the device should be vacuumed first and then filled with a high-purity rare gas. The device 
should be insulated and connected to a vacuum chamber. At the beginning of our experiment, we 
placed our device directly into the vacuum chamber with a rubber-ring insulated observation 
window, and later we sealed the device with a polymer tube and connected it to a vacuum pipeline. 
The third challenge is to decide the device geometry suitable for efficient plasma generation. If the 
device has rough edges, electrical arcing will occur and destroy the electrode. If the plasma 
generation area is too small, it would be hard to generate plasma efficiently according to the 
Paschen curve. On the other hand, if the plasma generation area is too large, because of the limited 
power supply, the current might go up so high that our circuit fails at high voltage. The specific 
dimensions were determined after the examination of several prototypes.  
 
Fig. 6.2 Cross-section of the on-chip microplasma laser. 
A cross-sectional schematic of the microchannel device used in the experiment is shown in Fig. 
6.2. The bottom silicon substrate with <100> crystal substrate was thermally dry oxidized with a 
500 nm thick SiO2 layer for electrical insulation. A 200 nm Au layer was patterned as the 
bottom electrode. The thickness was carefully tested in the preliminary tests to ensure good 
electrical conductivity and stability during plasma discharge. Then the 500 nm SiNx layer was 





can be easily modified by changing the spin-coating speed of SU-8 during the deposition. The top 
glass was fabricated separately in the cleanroom by a similar process and bonded with the silicon 
wafer dies with Torr Seal to ensure the vacuum condition. The width and length of the device vary 
according to the mask design. In the second stage of the first experiment, the microchannel device 
was sealed within a 20 µm glass slide so it could be taken out of the vacuum chamber. 
 
Fig. 6.3 Fabrication process flow of the on-chip microplasma ASE source. 
The fabrication process of the microchannel device can be divided into three parts: fabrication 
of the bottom silicon substrate, fabrication of the top glass slide, and bonding and wiring of the 
final device. The first two parts of the fabrication processes require a cleanroom fabrication 





Fig. 6.3 shows the fabrication process of the bottom silicon substrate. A 500 µm silicon wafer 
with <100> crystal orientation was purchased from University Wafer. The wafer was dry oxidized 
in a Lindberg/Tempress Model 8500 furnace with pure O2 flow at 1150 °C for 9 hours (Fig 6.3-1). 
Dry oxidation ensures a finely grown dense SiO2 layer, which serves as a superior insulator relative 
to the porous SiO2 layer grown by wet oxidation. The final thickness of the oxidation layer was 
measured to be 500 nm with a profilometer. The oxidized wafer was then spin-coated with AZ5214 
image-reversal photoresist as the sacrificial layer for Au lift-off. The spin condition was 5000 rpm 
for 60 s and the thickness was about 1.25 µm (Fig 6.3-2). The reason for using AZ5214 is that 
when it is used as a negative photoresist, a negative edge slope angle is created after developing, 
which is perfect for the subsequent liftoff procedure. The coated wafer was prebaked at 110 °C for 
50 s and then aligned and exposed by EVG 620 i-line mask aligner (Figure 6.3-3). After the 
exposure, the wafer was developed directly in undiluted MIF 300 developer. Before the Au 
evaporation, the wafer was treated with O2 plasma for surface cleaning (Fig. 6.3-4). It was 
immediately transferred to CHA SEC-600 e-beam evaporator for electrode metal coating. To 
ensure good adhesion between Au and substrate, 25 nm Ti was evaporated first. 200 nm Au and 
another 25 nm Ti were then deposited, also by e-beam evaporation (Fig 6.3-5). After the 
evaporation, acetone was used to lift off the AZ5214 sacrificial layer. A 500 nm SiNx layer was 
then deposited onto the surface by PlasmaLab plasma-enhanced chemical vapor deposition, as 
shown in Fig 6.3-6. Since SiNx has a very low adhesion coefficient to the SU-8 layer, the substrate 
then went through a process of photolithography, SiNx etching, and photoresist stripping to etch 
the trench for the final SU-8 wall. We found that this method can effectively increase the adhesion 
of SU-8 and avoid the SU-8 wall clamping on the SiNx surface. SU-8 was then spin-coated on the 





the trench area defined by SiNx (Fig. 6.3-7 and 6.3-10). The bake temperature, time, and exposure 
intensity vary according to the thickness specification of different devices. 
The fabrication of the top electrode on the glass slide is similar to the process for the bottom 
substrate. However, instead of using AZ5214 photoresist to do liftoff for the Au electrode, we used 
Kapton tape to define the electrode area. Once the Kapton tape mask was manually fabricated, we 
used the same e-beam evaporation process for the Ti/Au/Ti electrode and deposited a 500 nm SiNx 
dielectric layer afterward. The electrode length on the top glass slide was designed to be shorter 
than the electrode length on the bottom substrate to reduce electrical arcing from the common 
electrode to the edge of the top electrode.  
Once the substrate and top electrode were ready, we assembled the two parts in a chemistry room. 
Silver paste was heated to 80 °C to bond the wire with the electrodes to two parts. The top 
glass slide was bonded with the bottom substrate with Torr Seal covered at the two edges and 
common electrode area. The Torr Seal was carefully applied so that the vacuum could be 
maintained within the channel. A polymer tube was carefully bonded to the slit between the 
glass slide and substrate to introduce rare gas from the vacuum chamber to the microchannel. A 
thick layer of Torr Seal covered the common electrode area to reduce arcing from the high 
voltage area to the nearby wires, enhancing both safety and device lifetime. The final cross-section 
of the device is shown in Fig. 6.3-10.  
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At the early stage of the experiment, the device worked inside of a vacuum chamber, the front 
end of the device was open to the environment and no polymer tube was needed for rare gas 
feed-in. Fig. 6.4a shows a microchannel device with 500 µm width and 5 cm length. The top 
electrode is transparent ITO glass instead of a glass slide Au electrode so that we can monitor 
plasma discharge and propagation within the microchannel. Spatial and spectral Ar-Xe plasma 
discharge characteristics were captured with an intensified CCD camera coupled to a 
monochrometer. We further revised our device design and finally came up with the centipede-like 
device shown in Fig 6.4b, which was designed for out-of-chamber use where we need the polymer 
tube to connect the microchannel with the gas feed from the vacuum chamber. The top Au 
electrode was divided into four electrodes, each 1 cm long, covering one part of the bottom 
electrode. The idea was to control each top electrode individually to test the influence of the plasma 
channel length on the emission intensity at the end of the channel. Also, a 20 µm glass slide was 
used both to seal the end of the device and to provide an optical window for plasma emission beam 
transmission.  
6.4 Results and Analysis 
The experimental results discussed in this section start with I-V characteristics of the Ar-Xe 
plasma discharge in this device. Then we focus on the emission profile through the end of the 
microchannel. Uniform and stable emission with a Gaussian intensity profile was captured using 
a temporally gated iCCD camera. Spectra centered at 823 nm were acquired using an Ocean Optics 
spectrometer. Our study shows that a 5% Xe component in an 800 Torr Ar-Xe gas mixture delivers 





823 nm gradually increased and dominated over the 828 nm wavelength intensity, which implies 
the possibility of amplified spontaneous emission (ASE). 
 
Fig. 6.5 I-V characterization of the on-chip microplasma laser operation in 800 Torr Ar with a 2% 
Xe gas mixture. 
The discharge current was measured with a Pearson probe connected to the ground. With the high 
pulse voltage applied on the common electrode and top electrode grounded, the I-V curve of 
the plasma discharge was measured. All of the measurements were taken with 20 kHz, bipolar 
pulse voltage generated by the custom designed voltage generator introduced before. First we 
measured the displacement current with voltage lower than the discharge voltage (100 – 400 V 
in Fig. 6.5). The displacement current increased with voltages lower than discharge voltage. 
Once the voltage increased and discharge began, the measured current was the sum of the 






Fig. 6.6 Discharge current of the device operating in an 800 Torr, 2% Ar-Xe gas mixture. 
Fig. 6.6 shows the I-V (discharge current vs. voltage) curve for the 1 cm microchannel device with 
100×100 µm cross-section area in 800 Torr Ar-Xe gas mixture. The breakdown voltage was 650 
V. A linear fit was applied to the plot. It turns out that for voltages ranging from 650 V to 730 V 
(the upper limit of our power supply), the discharge current increases almost linearly with the 
voltage. I-V curves of the device for different gas pressures were also taken and they all appeared 
similar to Fig. 5.6. If the gas pressure is lowered to 100 Torr, the upper limit of the testing voltage 






Fig. 6.7 (a) Beam intensity variation is within ± 5%, for different laser beams. (b) Beam 3-D 
extraction plot. (c) Gaussian beam profile is extracted and plotted. 
 
The optical measurements were acquired from the same microchannel device with Ar-Xe gas 
mixture fed through a pipe from a vacuum chamber. The microchannel has a cross-sectional area 
of 100 µm × 100 µm with length of 1 cm. The microchannels were fabricated 500 µm apart from 
each other. The device was designed to be tested outside of the vacuum chamber, so a 20 µm thick 
glass slide transparent to 823 nm wavelength was sealed at the end of the microchannels. The 20 









Fig. 6.7 shows the far-field time-integrated image of the beam emission profile of plasma 
discharge in microchannel. The experimental condition was 800 Torr Ar-Xe gas mixture with Xe 
percentage of 4.5% at 610 V bipolar pulse voltage. The discharge was stable and consistent over 
time. Plasma discharge occurred in every microchannel with different intensities. The 
cause of the intensity variance over different microchannels is unclear, but we found that as the 
fabrication process was refined, the beam intensity over different channels became less 
variant. The beam profile in the four microchannels is shown in Fig 6.7 (a). The 
beam intensity variance was measured to be less than 5%. Fig. 6.7 (b) shows the 3-D plot of the 
leftmost beam emission spot. The intensity curve can be fitted with a Gaussian distribution, as 
shown in Fig. 6.7 (c).  
The ICCD images shown in Fig. 6.7 indicate that stable Ar-Xe plasma discharges can be achieved 
in the device and the emission profile for each beam shows good characteristics for our laser 
application. Then we use an Ocean Optics Spectrometer to study the 823 nm wavelength emission 
from Ar-Xe plasma device. 
The first step of our experiment was to determine the pressure and Xe percentage for the Ar-Xe 
gas mixture. We measured the spectral data for the beam emission from the end of the 
microchannel in 800 Torr Ar-Xe gas mixtures with Xe component from 1% to 8% at 700 V. The 
spectral data from 740 nm to 890 nm is shown in Fig. 6.8 where the six tested mixtures are plotted 






Fig 6.8   Optical emission spectra for several Ar-Xe gas mixtures. This figure exceeds the 
required one-inch margins. 
From the spectra in Fig. 6.8, 823 nm and 828 nm are observed, which are both wavelengths emitted 
by Xe. The other peaks were all identified to be emitted by Ar. When the Xe present in the mixture 
was increased above 4%, the Ar emission wavelengths decreased and started to disappear, whereas 
the Xe 823 nm and 828 nm intensities increased significantly. This indicates that the energy is 






Fig. 6.9 Relative intensities of the 823 nm and 828 nm Xe lines for different Xe percentages for 
an 800 Torr Ar-Xe gas mixture. 
 
Fig. 6.9 shows the 823 nm and 828 nm wavelength intensity vs. Xe ratio in 800 Torr 
Ar-Xe gas mixture at 550 V. Since the applied voltage is fixed, the intensity of these two lines 
indicates the energy transfer efficiency. According to the plot, 4.5% to 6% Xe delivers the 
highest intensity at the two wavelengths of interest. With higher Xe percentage, the lower 
percentage of Ar provides fewer Ar atoms in excited state, which leads to fewer collisions and 
fewer Xe2 dimers. Therefore, the Xe component ranging from 4.5% to 6% becomes the 





The emission spectra for 823 nm wavelength at 800 Torr, 4.5% Ar-Xe plasma discharge in 
microchannel, were taken at voltages from 650 V to 780 V with an interval of 10 V as shown in 
Fig. 6.10. From 650 V to 700 V, the intensity increased linearly. From 650 V to 730 V, the intensity 
increased exponentially, and after 730 V the rate of increase was lower. The exponential increase 
of the intensity implies the presence of amplified spontaneous emission (ASE). Once the gain of 
the plasma medium is higher than the loss in the microchannel, the emission intensity should 
increase exponentially as indicated by various studies of ASE. However, one could also argue that 
the increase was due to the nonlinear effect of plasma discharge. So more evidence is still needed 
to prove the existence of ASE.  
 





The comparison of the intensity of 823 nm and 828 nm wavelengths with voltage ranging from 
660 V to 780 V is shown in Fig. 6.11.  
 
Fig. 6.11 Comparison of the intensity of 823 nm and 828 nm wavelengths of Ar-Xe plasma at 
different voltages. 
The ratio of the intensity of 823 nm wavelength to the intensity of 828 nm wavelength increases 
with voltage. The result indicates that more power was dumped into the Xe2 dimer when the 
voltage increased, which is good for our experiment. From Fig. 6.11, the spectra of Ar-Xe 
discharge at 690 V and 780 V and the ratio of the two wavelengths changes from 1.6:1 to 3.7:1. 
6.5 Summary 
In this chapter, we developed a microchannel device to enable on-chip microplasma discharge 





of the device has been demonstrated. The fabrication process is proven to be highly feasible and 
adaptive to different dimension requirements. The gas discharge within the channel was stable, 
which is good for our application. Electrical and optical measurements were taken. The emission 
beam showed a Gaussian profile and good consistency of the emission intensity over different 
channels. The 800 Torr Ar-Xe mixtures with different Xe percentages were tested and we found 
4.5% to 6% Xe is the optimal observing window for our experiment. Emission in the 823 nm 
wavelength was measured at different applied voltages from 650 V to 780 V and an exponential 









SUMMARY AND FUTURE PLANS  
 
 
Based on the new configuration of lateral diffused PBJT, we have developed a platform to 
investigate the interaction of a plasma with a semiconductor. Coupling of the electron-ion plasma 
and electron-hole plasma was realized at the semiconductor and plasma interface in the presence 
of a continuous range of electron densities immediately beneath the surface of the base.  
Plasma-material interactions are fundamental to the synthesis and performance of numerous 
materials and fabrication processes. Due to the small feature-size and nonlinear nature of plasma-
material interactions, the current understanding of the interface multiphysical mechanisms is 
limited. One of the key problems is the paucity of tools capable of directly observing such 
processes, electrically and optically. In this sense, new approaches are required to monitor the 
surface interactions in different ways, as well as on different size scales—so that we can better 
understand plasma-material interactions at the nanoscale and in real time. This PBJT device 
provides a unique platform for investigating plasma/semiconductor interface reactions, by 
monitoring the surface energy band bending through electrical and optical observations. To study 
the interface physics under different circumstances, we propose, as future work, to substitute the 
base material with a variety of different materials and to introduce different plasmas.. By using the 





band of each different material, and this would most likely to help us both to monitor the surface 
multiphysics and to study the material characteristics.  
 
Fig. 7.1 Diagram of the proposed PMM device. 
 
Fig. 7.2 PMM demonstration: time-domain and frequency-domain optical response from the PMM 
device. 
On the device level, we plan to use the PBJT as a platform for other optoelectronic devices. For 





different frequencies. In this case, we will get a new type of device—a plasma modulator/mixer 
(PMM).  
The device configuration is shown in Fig. 7.1. By adopting the lateral diffused PBJT, we propose 
to integrate two PBJTs into one device, but remove the collectors of each device and face the two 
base sidewall towards each other. A common anode is shared and sustains the microplasma along 
with the two emitter-base junctions. In this case, we can input two sets of signals from the E-B 
junctions and, by recording the plasma temporal emission profile, test the output signal in terms 
of optical data. The PMM will serve not only as a high-power optoelectronic device, but also as a 
means to convert an input electrical signal into nonlinear optical emission. 
Preliminary data is shown in Fig. 7.2, as we electronically input a 10 Hz and 1 kHz sinusoidal 
waveform from the E-B junction. On the optical temporal emission profile, two waveforms overlap. 
When converted into frequency domain, a frequency mixer/modulator is observed.  
These preliminary results indicate the promise of continued research on the PMM. We hope that 
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